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1. Introduction 
In recent years the importance of electrochemical 
reactions in living cells has been increasingly empha- 
sized [l-6]. In general, however, descriptions of elec- 
trochemical phenomena have been restricted to pro- 
cesses associated with cellular membranes recognized 
as possessing electrodic properties [7,8]. Events in the 
cytoplasmic compartment have been excluded from 
consideration on the assumption that reactions occur- 
ring in this milieu would be scalar in nature, involving 
soluble components interacting only as a result of dif- 
fusion and random collision. This paper reviews new 
ideas concerning cellular structure and mechanisms of 
vectorial charge transfer that cast doubt on this 
assumption. Evidence is presented that electrochemi- 
cal events occur within the cytoplasmic compartment 
of the cell and may play a fundamental role in the 
regulation of metabolism. 
concerning ‘bound’ water [ 131 and from experimen- 
tal studies. It has been shown that the aqueous super- 
natant produced in Euglena cells stratified by high- 
speed centrifugation is devoid of enzyme activity 
[ 141. Moreover, fractionation experiments have dem- 
onstrafied that many enzymes designated as ‘soluble’ 
are, in fact, adsorbed to intracellular surfaces and 
membranes [ 15-191. Thus, the living cell is pictured 
as a two-phase system; a solid-state phase (cytoplast) 
within and adjadent to which the enzyme-catalysed 
reactions of intermediary metabolism take place and 
a bulk aqueous phase containing low iW, organic sol- 
utes and ions. The area of intracellular surfaces, 
exposed to the aqueous phase, is very large [ 13,20,21]. 
This design is highly appropriate for an electrochemi- 
cal system - the solid-state phase representing a multi- 
electrode array, and the aqueous phase the electrolyte 
[8]. It is at the surface between the two phases that 
electrical processes would be initiated; the greater the 
surface area of the interface, the greater the possible 
current flow. 
2. The living cell as an electrochemical system 
2.2. Examples of electrochemical phenomena in living 
2.1. Structural analogies between living cells and systems 
electrochemical devices 
Recent morphological investigations have demon- 
strated a ubiquitous proteinaceous ultrastructure - a 
microtrabecular lattice - which pervades the cyto- 
plasmic compartment of all eukaryotic cells [9,10]. It 
is linked to the cytoskeleton [ 11 ,121 (comprising 
microtubules, microfilaments and intermediate fibres) 
and embraces the cellular organelles. It has been sug- 
gested (K. R. Porter, personal communication) that 
all catalytic activity of the so-called ‘soluble’ cyto- 
plasm may be carried out by enzymes adsorbed to 
the microtrabecular lattice. Support for this sugges- 
tion has come both from theoretical considerations 
There is now general agreement hat the synthesis 
of ATP in the transducing membranes of mitochon- 
dria, chloroplasts or bacteria is an electrochemical 
process [4,6-8,22-251. A proton gradient resulting 
from the polarization of the membrane drives the 
phosphorylation of ADP, a process which in the 
absence of the energy-dependent charge separation, 
induced by a redox reaction or by light, would be 
thermodynamically highly unfavourable. 
Electrochemical phenomena are by no means con- 
fined to reactions involving the synthesis of ATP 
within transducing membranes. In addition to the 
well-established occurrence of electrical events at 
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plasma and intracellular membranes [26-301, there is 
now compelling evidence for cytoplasmic electro- 
chemical processes. Recent studies indicate that intra- 
cellular ionic currents can steer protein molecules to 
their ultimate destination within Cecropia oocytes by 
a process of ultramicroelectrophoresis [31]. More- 
over, steady cytoplasmic ion currents are found to 
play a role in the growth of fucoid eggs [32], the 
regeneration of the stumps of amputated amphibian 
limbs [33], and the healing of mammalian epidermal 
wounds [33]. 
as do other phosphorylation reactions involving the 
cleavage of ATP. Likewise, the splitting of ATP, cata- 
lysed by Na’,K’-ATPase, generates a proton: 
ATP4- t Hz0 = ADP3- + Pi’- + H’ 
Conversely, the central reaction of oxidative phos- 
phorylation (reaction (3) in reverse) consumes a pro- 
ton, as do other ATP synthesizing reactions, e.g.: 
2.3. Mechanisms of charge conduction and sources of Phosphoenolpyruvate3- + ADP3- + H’ = 
current 
It is well established that ions can be translocated 
from one aqueous compartment to another through 
membrane pores [29,30] but the large size and rela- 
tively poor mobility of ions (other than protons) 
make them unlikely candidates for conduction in the 
solid-state phase of the cell. Electrons are much more 
mobile and can pass between carriers embedded 
within a membrane, but it remains uncertain whether 
they can be readily conducted within proteins [34]. 
On the other hand, the conduction of protons within 
proteins has been experimentally established [35-371. 
A plausible mechanism for this [38-401 envisages 
protons as flowing in an ordered and vectorial manner 
through a series of hydrogen-bonded chains within a 
protein, a process analogous to the flow of protons in 
ice [38,41]. It seems possible that several polypep- 
tides could interact to form an extended series of 
hydrogen-bonded chains permitting charge-transfer 
between individual macromolecules [39]. Both micro- 
trabecular (structural) proteins and enzyme proteins 
might take part in this proton transmission. 
Pyruvate- + ATP- 
Current can flow only if the generated protons are 
insulated from the bulk aqueous phase. Evidence 
from in vitro enzymological studies provides an indi- 
cation of how this may be achieved. In kinase reac- 
tions, in which the mode of catalysis has been 
explored, it has been found that reactions take place 
deep within a cleft in the enzyme, a cleft from which 
bulk water is excluded [42]. Even in vitro, protons 
are not released immediately into the medium on 
ATP splitting [43]. Thus, it can be predicted that in 
vivo they do not instantaneously dissipate their 
energy as heat motion through hydration in the bulk 
aqueous phase, but rather flow vectorially for a finite 
period within the kinase and possibly the microtra- 
becular lattice, before entering the aqueous phase of 
the cell. Similar considerations should apply to pro- 
ton release or consumption in NAD(P)-linked reac- 
tions [43]. 
Important sources or sinks for protons are the 
numerous redox reactions which occur within the liv- 
ing cell. These generate or consume protons, depend- 
ing on the direction of the reaction, e.g.: 
Lactate + NAD’ = Pyruvate t NADH t H’ (1) 
Other major sources of protons within a living cell are 
the reactions involving splitting of ATP (or other 
‘highenergy’ compounds). Thus the phosphorylation 
of glucose generates a proton: 
Glucose + ATP- = Glucose-6-phosphate’- t 
ADP3- t H’ (2) 
134 
It seems probable that the proton current, gener- 
ated by redox reactions and by ATP cleavage, flows 
through intracellular ‘circuits’, specific for the various 
functions associated with the living state. Thus, 
through the medium of ‘proticity’ [7,22], the cell 
accomplishes mechanical, osmotic, thermal and elec- 
trical work [44]. In this view, the central role of ATP 
and similar compounds in these functions is related 
not merely to their possession of ‘high energy bonds’, 
but to their stability in the aqueous phase which 
allows them to act as reservoirs for providing proton 
current on demand. The presence of equilibrating 
mechanisms such as the adenylate kinase system [45] 
ensures that local ATP depletion at any point in the 
cell is rapidly buffered. 
(3) 
(4) 
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3. Properties of living electrochemical systems 
3.1. Efficiency 
The theoretical advantages of enzyme organization 
for facilitation of reaction rates have been discussed 
widely [15,46,47]. Electrochemical systems in the liv- 
ing cell would possess these advantages. Moreover, 
electrochemical processes are inherently more effi- 
cient than chemical reactions. This is readily apparent 
for the reactions discussed above. A substantial part 
of the free energy arising in the cleavage of ATP is 
associated with the liberation of the proton [48]. 
Only in an electrochemical system can this free 
energy be conserved and utilized for work; electro- 
chemical devices avoid the intrinsic limitations in 
efficiency of heat engines [38]. 
3.2. Responses to applied voltages 
Electrochemical devices are sensitive to applied 
potentials. This property is utilized in electrolytic 
cells, where a voltage applied across the electrode/ 
electrolyte interface drives a chemical process (usually 
a redox reaction) in the non-spontaneous direction 
(electrosynthesis). This phenomenon may also be of 
great relevance in living systems. Fractionation stud- 
ies have revealed that many of the cytoplasmic 
enzymes closely associated with intracellular mem- 
branes are kinases or dehydrogenases [ 15-19,49,50], 
enzyme catalysing reactions capable of generating 
proton charge and therefore potentially sensitive to 
the influence of electric fields. 
Likely sources of these electric fields are the 
numerous redox reactions which occur within the liv- 
ing cell. Moreover, since redox and ion-translocating 
systems are found within almost all major membranes 
of the cell [29,30,51-551, it seems possible that the 
formation and maintenance of electric fields may be a 
general feature of cellular membrane function. It can 
be inferred that not only the plasma membrane but 
also internal membranes carry potentials reflecting 
electric fields of various strengths and directions. 
These fields, as determined by measurement of mem- 
brane potentials [56-581, can be remarkably large - 
of the order of 100 000 V/cm. Moreover, the poten- 
tial measured across a membrane may in fact reflect 
the existence of numerous localised regions of charge 
separation within it [7,23,59]. Thus, a number of 
separate fields may exist within a single membrane, 
extending into adjacent cytoplasmic areas. Since 
these fields are vectors [60], it can be anticipated that 
they will affect the vectorial movement of charge 
within their domains. It follows that the equilibrium 
of any cellular reaction involving the production or 
consumption of protons could be influenced by such 
a field. Depending on the orientation of the dehydro- 
genase or kinase in relation to the field, the vectorial 
movement of protons within the enzyme (an essen- 
tial element of the reaction) would be either facili- 
tated or hindered. Hence, in a manner analogous to 
inanimate electrolytic systems, the energy contained 
in an electric field arising from a redox reaction (or 
the splitting of ATP) could be harnessed to drive 
another redox reaction in the non-spontaneous direc- 
tion - as in the phenomenon known as energy 
dependent reversed electron transfer [61-651. Reac- 
tions catalysed by kinases could also be affected by 
fields ip this way. 
3.3. Implications for metabolism 
These considerations have important implications 
for current concepts, concerning the regulation of 
cytoplasmic metabolic pathways [66-711, which are 
firmly based on classical thermodynamic principles. It 
is believed that the rate of flux through each pathway 
is controlled by the activities of allosteric enzymes 
[66,70-721 catalysing key rate-limiting and irrevers- 
ible steps. These ideas have been supported by in 
vitro measurements which have shown that mass 
action ratios for the putative regulatory reactions of 
the cytoplasmic compartment differ greatly from the 
corresponding equilibrium constants [66,67,71]. If, 
however, NAD(P)- or ATP-linked cytoplasmic reac- 
tions prove to have a vectorial electrical component, 
present conclusions concerning the regulation of 
cytoplasmic metabolic pathways may need modifica- 
tion. Classical thermodynamic arguments cannot be 
applied to open systems through which energy (in the 
form of an electric current) continuously flows. 
For example, measurement of the levels of the 
appropriate metabolites in muscle or liver would 
appear to indicate that in these tissues the reaction 
catalysed by phosphofructokinase: 
Fructose-6-phosphate’- + ATF-= 
Fructose-l ,6-diphosphate4- + ADP3- t H’ (5) 
lies far to the right 1661. However if, in vivo, the 
kinase is located within the domain of an electric 
field so that the flow of protons from the site of 
135 
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catalysis is opposed, the system at steady-state may 
reflect a balance between the countervailing forces of 
chemical and electrical energies (the ‘static head’ of 
irreversible thermodynamics [73]). Under this cir- 
cumstance the rate, and possibly the direction, of the 
reaction could be influenced by the relative concen- 
trations of fructosed-phosphate and fructose-l ,6-di- 
phosphate. Collapse of the electric field, as in anoxia, 
would allow the reaction to proceed rapidly to the 
right under the now unrestrained influence of the 
chemical potential. Likewise, a heavy drain of proton 
current, during cellular work [44] (or through poison- 
ing with an uncoupling agent [59,74,75]), would also 
enhance the rate of formation of fructose-l ,6-d& 
phosphate. In this manner electrical mechanisms, by 
modulating the expression of allosteric regulatory 
processes, could play an important part in controlling 
metabolic interactions and in maintaining the steady- 
state balance between synthetic and degradative path- 
ways. The possibility that electrical control mecha- 
nisms could be primary targets for hormone action 
must also be considered [28]. 
sought for the heat production that exemplifies the 
far-from-equilibrium conditions of the living state. 
The living cell can be regarded as an open system 
converting chemical bond energy to electrical energy, 
storing it as separated charge in the form of ion gra- 
dients across membranes and utilizing it for work. 
During basal or active metabolic flux any one of these 
processes may be rate-limiting and irreversibly 
removed from equilibrium, i.e., heat-producing (over- 
potential, [38]). At the present state of our knowl- 
edge the relative contribution of such electrochemical 
processes to heat production remains to be clarified. 
It is likely, however, that events involving charge 
transfer through the solid-state phase of the cell make 
a major contribution to the heat production asso- 
ciated with the living state. Thus, the finding that 
heat production is a function of body surface area 
rather than tissue mass may be a macroscopic reflec- 
tion of the fact that cellular electrochemical reactions 
occur in two dimensions, in contrast to three-dimen- 
sional. scalar chemical reactions. 
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